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Abstract

Magnetic resonance (MR) imaging is advantageous because it concurrently provides anatomic, 

functional, and molecular information. MR molecular imaging can combine the high spatial 

resolution of this established clinical modality with molecular profiling in vivo. However, as a 

result of the intrinsically low sensitivity of MR imaging, high local concentrations of biological 

targets are required to generate discernable MR contrast. We hypothesize that the prostate-specific 

membrane antigen (PSMA), an attractive target for imaging and therapy of prostate cancer, could 

serve as a suitable biomarker for MR-based molecular imaging. We have synthesized three new 

high-affinity, low-molecular-weight GdIII-based PSMA-targeted contrast agents containing one to 

three GdIII chelates per molecule. We evaluated the relaxometric properties of these agents in 

solution, in prostate cancer cells, and in an in vivo experimental model to demonstrate the 

feasibility of PSMA-based MR molecular imaging.
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Magnetic resonance (MR) imaging is a clinically relevant, noninvasive diagnostic tool for 

high-resolution anatomic and functional imaging. Molecular MR imaging enables the 

visualization of biological markers in vivo.[1] GdIII-based contrast agents are widely 

accepted by clinicians because they are easy to administer and provide T1-weighted, positive 

contrast. Although progress has been made in the design of contrast agents with high 

relaxivity, sensitivity remains a limiting factor for molecular MR imaging. For use in 

molecular imaging applications (specifically, for imaging receptor or protein expression), 

GdIII-based contrast agents seldom exceed the limit of detection.[1b,c,2] With signal 

amplification strategies, MR might offer a sensitive modality for molecular imaging 

complementary to radionuclide-based techniques.[3] Although amplification strategies could 

improve the sensitivity of a targeted agent, shifting from a simple, low-molecular-weight 

compound to a larger, multiplexed entity may significantly alter the pharmacokinetic profile 

of the agent.[1b,c,2a] Combining a receptor-specific high-affinity ligand with multimeric 

GdIII agents for detection has been described as one solution for enabling MR-based 
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receptor imaging.[4b,5] Sherry et al. have addressed these issues by generating contrast 

agents with very high binding affinities (Kd) such that the amount of agent needed for 

detection by MR could be minimized.[4] An example of that approach includes molecular 

imaging of VEGFR2 (vascular endothelial growth factor receptor 2) by preparing a 

multimeric Gd dendron with high longitudinal relaxivity (r1) values.[4b] Additionally, other 

multimeric agents with r1 values optimized for higher field strengths have been reported 

because MR imaging, both experimental and clinical, are moving to higher fields.[6] 

Optimizing relaxivity at high field provides the advantages of greater signal-to-noise and 

contrast-to-noise ratios (SNR/CNR) and the additional benefits of higher spatial resolution 

and reduced acquisition times. Combination of these concepts, namely the use of high-

affinity targeting moieties with sensitive multimeric contrast agents, provides the rationale 

to investigate targeted MR imaging of cells and tissues expressing the prostate-specific 

membrane antigen (PSMA).

PSMA is overexpressed in primary and metastatic prostate cancer, particularly with respect 

to the castration-resistant form.[7] Furthermore, PSMA is expressed by most solid tumors 

and tumor neovasculature.[8] Imaging PSMA can provide insight into androgen signaling[9] 

and cell response to taxane therapy.[10] We and others have developed a variety of imaging 

agents for PSMA that employ optical, nuclear, and MR imaging.[11] For the attachment of 

large molecular fragments such as radiometal complexes (99mTc, 68Ga, 111In)[11a,c] to 

nanoparticles[11d,12] we devised a tripartite strategy containing a PSMA-targeting moiety, a 

linker for pharmacokinetic tuning, and a chelating agent. We hypothesized that PSMA 

would be a suitable biomarker for MR molecular imaging because of the extracellular 

location of the ligand binding site and the estimated high receptor concentration per cell 

(circa 3.2 μM/cell volume; see the Supporting Information). To test the hypothesis, we 

synthesized three PSMA-targeted agents bearing one, two, or three GdIII complexes, Gd1, 

Gd2 and Gd3, respectively (Figure 1). We then evaluated the PSMA binding affinities and 

relaxivities of the synthesized agents. Cellular uptake of the agents in PSMA-expressing 

cells and isogenic non-expressing control cells was evaluated using inductively coupled 

plasma mass spectrometry (ICP-MS). Finally, the ability of the agents to distinguish PSMA-

expressing cells from control cells was evaluated both in vitro and in vivo by MR imaging.

Multistep solution-phase synthetic methods were developed to prepare the contrast agents 

and are outlined in Schemes S1–S3 in the Supporting Information. Lys–Glu urea was used 

as the targeting moiety for PSMA. To that targeting group were added varying numbers of 

the core macrocyclic chelating agent 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid 

(DO3A) or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).[13] Gd1 

contains a p-isothio-cyanatobenzyl DOTA (DOTA-Bn-SCN) chelating agent. The structure 

of Gd1 is based on our recently reported lead 86Y-labeled imaging agent for positron 

emission tomography (PET), which demonstrated high and specific tumor accumulation in a 

preclinical model.[11f] Gd2 was prepared by conjugation of the α- and η-amines of lysine 

with DO3A-NHS, employing a solution-based peptide synthesis strategy. Under the same 

conditions, yields of the coupling reactions were significantly improved when the reaction 

was performed in a sonication bath at room temperature. Gd3 contains a phenolic core to 

which three GdIII-DOTA chelators were bound through rigid triazole linkages, as previously 
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reported by Mastarone et al.[6b] using click chemistry. To that core was conjugated the 

PSMA-targeting functionality through the phenolic oxygen. The agents were purified by 

reverse-phase high performance liquid chromatography (HPLC) and were characterized by 

mass spectrometry. To ascertain any potentially negative effects of the GdIII-containing 

portion of the agents on the binding affinities of the probes, values of the PSMA inhibition 

constant (Ki) for the agents Gd1, Gd2, and Gd3 were determined and are listed in Table 

1.[11c] The known, high-affinity PSMA inhibitor N-{[((S)-1-carboxy-3-methylbutyl)-

amino]carbonyl}-L-glutamic acid (ZJ43)[14] was used as a reference ligand. All agents 

retained high binding affinity, with Ki values in the low nanomolar range (Gd1 > Gd3 > 

Gd2). When imaged at 9.4 T and 25°C, solution phantoms indicated r1 relaxivities in 

phosphate-buffered saline (PBS) that varied between 3.0 and 6.2 mM−1s−1 per GdIII and 

between 3.0 and 12.5 mM−1s−1 per contrast agent (Table 1). Unexpectedly, the r1 value of 

Gd1 was slightly lower than that of the FDA-approved clinical contrast agents Dotarem or 

Prohance. Although the measured relaxivity for Gd2 seems surprisingly high, similar values 

have been reported at 9.4 T by Caravan et al.[6a] and by León-Rodríguez et al.[4b] Among 

the three compounds tested, Gd2 may have the optimum values for the inner-sphere water 

exchange rate, τm, and the rotational correlation time, τr, required for imaging at this field 

strength. The unexpected decrease in relaxivity of Gd3 compared to that reported by 

Mastarone et al.[6b] may be the result of the addition of a long PSMA-targeting construct to 

the bulky trimeric core, causing an incrementally longer τr value and a slight decrease in the 

r1 relaxivity at 9.4 T. This effect could be exacerbated by measurement at 25°C rather than 

37°C, the temperature used by Mastarone et al.,[6b] because lower temperature would further 

slow molecular motion.[6a]

To determine the specificity of Gd1–Gd3, we used isogenic PC3 human prostate cancer cells 

genetically modified to express high amounts of PSMA (PC3 PIP) and the corresponding 

wild-type, PSMA non-expressing cells (PC3 flu;[11c] PIP and flu are names historically 

attached to PSMA + PC3 and PSMA− PC3 cells respectively, developed by Heston and co-

workers[17]). After incubation with either Gd1 or Gd2, pelleted PC3 PIP (PSMA +) and PC3 

flu (PSMA−) cells did not demonstrate any significant T1-weighted MR contrast or changes 

in relaxation rate (R1). Conversely, T1-weighted images following incubation with Gd3, 

displayed significant MR contrast enhancement in PC3 PIP (PSMA +) cells compared to the 

unlabeled cells as well as to the PC3 flu (PSMA−) cells pellets (Figure 2). Cells incubated 

with Gd3 in the presence of ZJ43 showed only minor changes in T1 value in both types of 

cells, indicated that ZJ43 was able to block the binding of Gd3 specifically. These results 

indicated that Gd3 exhibited receptor-specific cell binding on PC3 PIP (PSMA +) cells and 

displayed PSMA-mediated contrast enhancement.

The GdIII cell uptake associated with the cell pellet images was analyzed by ICP-MS. The 

results indicated that there was negligible GdIII associated with PC3 flu (PSMA−) cells for 

any of the agents whereas the PC3 PIP (PSMA +) cell pellets had an estimated intracellular 

GdIII concentration of circa 22.8 μM for Gd3 followed by approximately 12.5 μM and 7.2 

μM for Gd2 and Gd1, respectively (Figure 2c; Figure S1). A cell internalization assay 

revealed that the percent of incubated dose (% ID) that underwent internalization in PC3 PIP 

(PSMA +) cells for Gd1 and Gd2 was 9.06 ± 0.31 and 21.63 ± 3.51% after 4 h of incubation, 
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respectively, whereas only 2.42 ± 0.11 and 3.51 ± 1.32% ID were associated with the cell 

surface at that time (Figure S2). Moreover, slightly higher nonspecific uptake was associated 

with Gd2 in PC3 flu (PSMA−) cells, which might be related to the lower binding affinity of 

this agent compared to Gd1. As a further check on cellular uptake and internalization, a 

dual-modality Gd monomeric contrast agent labeled with rhodamine Red-X was prepared to 

confirm the PSMA-mediated internalization of this class of contrast agents (Figure S3). 

Fluorescence imaging of the PC3 PIP (PSMA +) cells confirmed the presence of contrast 

agent on the cell surface and within the cytosol, with a substantial fraction concentrated near 

the cell nucleus. We anticipate that entrapped GdIII might not contribute to signal 

enhancement due to the lack of water accessibility.[15] Gd3 showed notable but moderate 

enhancement at 9.4 T because of significantly higher cell-surface exposure compared to 

either Gd2 or Gd1.

A time-dependent internalization study was performed for Gd3 (Figure S4) after 1, 4, and 24 

h of incubation. Intracellular uptake at 1 and 4 h was high and specific, 28.30 ± 0.47 and 

39.92 ± 3.59% ID, respectively, in PC3 PIP (PSMA +) cells, whereas at 24 h post-

incubation 89.69 ± 3.90% ID was detected. A similar amount of Gd (circa 33–37% ID) was 

associated with the cell membrane at those same time points. The results indicated that 

detectable T1-weighted enhancement of Gd3 in PC3 PIP (PSMA +) cell pellets correlated 

well with the high, specific accumulation of Gd3 in PC3 PIP (PSMA +) cells.

To gain further insight into the pharmacokinetics of Gd1–Gd3 we employed a radioactive 

lanthanide related to GdIII and synthesized a 177Lu-labeled analogue of Gd1 as a radiotracer 

to measure the resultant uptake in relevant tissues over time (Figure S5). The biodistribution 

of the radiotracer indicated rapid renal clearance and robust uptake in PC3 PIP (PSMA +) 

tumors. We expect a similar pharmacokinetic profile, including rapid renal clearance, for 

Gd1–Gd3, although the injected doses of the MR agents would be higher. We also assayed 

the GdIII content of Gd3 using ICP-MS in selected tissues at 48 h post-injection, as shown in 

Table S1. Results showed that there was significantly less GdIII present in all organs relative 

to the PC3 PIP (PSMA +) tumor except for in the kidney, which routinely shows higher 

uptake as a result of a combination of renal clearance and the known expression of PSMA in 

proximal renal tubules.[16]

In vivo MR imaging of Gd3 was performed on mice bearing PC3 PIP (PSMA +) and PC3 

flu (PSMA−) tumor xenografts implanted subcutaneously in the lower right and left flanks 

respectively, after a single bolus intravenous injection (0.06 mmolkg−1). Figure 3a displays 

quantitative contrast enhancement mapping (ΔR1) of 1 mm slices for both tumors 40 to 160 

min post-injection. Contrast enhancement remained constant for at least 3 h within the PC3 

PIP (PSMA +) tumor, but it decreased quickly within the PC3 flu (PSMA−) tumor and 

muscle tissues. The T1 values of the PC3 PIP (PSMA +) tumor (Figure 3c) reached a 

minimum of 1819 ± 76 ms (mean ± standard deviation, average 36% enhancement in R1 

values, n = 4) in the first 40 to 60 min, and remained constant at 29% until 90 min, and 

slowly decreased to 24% at 190 min after injection. For the PC3 flu (PSMA−) tumors, the 

highest contrast enhancement was approximately 24% at 20 min post injection, followed by 

a rapid decay in contrast enhancement (ΔR1 < 20% after 40 min). The results demonstrated 

specific contrast enhancement for PC3 PIP (PSMA +) tumors (P ≤ 0.05) at 80 and 120 min 
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post-injection. Figure 3b depicts results from other mice dosed in the same way but using a 

trimeric Gd probe without a targeting moiety, which showed no tumor enhancement.[6b] 

Additionally, an animal injected with a solution of PBS did not produce any change in the 

T1 value (Figure S6).

By employing sensitive multimeric GdIII complexes in combination with an established 

PSMA-targeting small molecule, PSMA-targeted MR molecular imaging was achieved in 

vitro and in vivo. Optimization of the constructs described for translational application in 

prostate and other cancers is under way.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of PSMA-targeted MR contrast agents Gd1–Gd3.
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Figure 2. 
T1 contrast enhancement generated by Gd3 in an isogenic human PC3 prostate cancer cell 

pair, PSMA + PIP and PSMA− flu cells. a) Color-coded T1 maps of PC3 PIP and PC3 flu 

cells. Relaxation rates were determined at 25 °C at 9.4 T. b) Quantification of ΔT1 in PIP 

and flu cells (n =4, P <0.05) following treatment with Gd3. c) Cellular uptake of Gd3 in PC3 

PIP and PC3 flu cells. The amount of GdIII associated with PIP cell pellets was significantly 

higher than for the flu cell pellets. The accumulation of Gd3 in PIP cells was blocked by 

preincubating with ZJ43 (n =4, P <0.05).
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Figure 3. 
Gd3 MR imaging of human PC3 prostate cancer PIP (PSMA +) and flu (PSMA−) tumor 

xenografts in male NOD/SCID mice. a) Enhancement (ΔR1%) maps in PC3 PIP (PSMA +) 

and PC3 flu (PSMA−) tumors are superimposed upon T2-weighted images during 40–160 

min after a single bolus injection of Gd3 into the tail vein. b) ΔR1% maps in PSMA + and 

PSMA− tumors of a trimeric Gd contrast agent without a PSMA-targeting moiety. c) T1 

time courses calculated for the entire volume of each tumor during 1–1600 min post 

injection (top). Enlarged region of the time course at 0–200 min (bottom).
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Table 1

Selected physical properties of contrast agents.

Compound Molar Mass [gmol−1] r1
[a] [mM−1s−1] Ki [nM][b] 95 % CI of Ki [nM]

Gd1 1250.40 3.0 0.45 0.36–0.55

Gd2 1803.13 6.2/12.5 18.18 14.07–22.16

Gd3 2651.03 3.3/9.81 7.19 5.17–10.01

[a]
Relaxivities listed indicate the ionic/molecular relaxivity of the agents, respectively.

[b]
ZJ43 (Ki = 0.29; 95% CI of Ki = 0.22–0.39 nM). CI = confidence interval.
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